Background: The concept of personalized cardiopulmonary resuscitation (CPR) requires a parameter that reflects its hemodynamic efficiency. While intra-arrest ultrasound is increasingly implemented into the advanced life support, we realized a pre-hospital clinical study to evaluate whether the degree of compression of the right ventricle (RV) and left ventricle (LV) induced by chest compressions during CPR for out-of-hospital cardiac arrest (OHCA) and measured by transthoracic echocardiography correlates with the levels of end-tidal carbon dioxide (EtCO 2 ) measured at the time of echocardiographic investigation.
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Conclusions: Evaluable echocardiographic records were reached in most of the patients. EtCO 2 positively correlated with all parameters under consideration, while the strongest correlation was found between CImax and EtCO 2 . Therefore, CImax is a candidate parameter for the guidance of hemodynamic-directed CPR.
Trial registration: ClinicalTrial.gov, NCT03852225. Registered 21 February 2019 -Retrospectively registered.
Keywords: End-tidal dioxide, Ultrasound, Hemodynamic-directed cardiopulmonary resuscitation Background There has been growing evidence that a strategy of personalized hemodynamic-directed cardiopulmonary resuscitation (CPR) may be a superior approach to conventional CPR based on a uniform approach for all patients [1] . Several measures may be used for this purpose [2] . However, all except end-tidal carbon dioxide are invasive parameters not suitable for implementation to pre-hospital CPR for out-of-hospital cardiac arrest (OHCA). This can limit further research and clinical implementation. Recently, intra-arrest ultrasound is becoming increasingly part of the CPR protocol and novel portable ultrasound devices allow sophisticated and reliable examination even in the field. It may help to detect potentially reversible causes of cardiac arrest and identify pseudo-pulseless electrical activity [3] . The other potential benefit from intra-arrest ultrasound is the assessment of quality of chest compressions by evaluating the degree of compression of the left and right ventricle. When using this mode, ultrasound could be another measure to guide hemodynamic-directed CPR. Therefore, we conducted a pre-hospital clinical study to evaluate whether the degree of compression of the right ventricle (RV) and the left ventricle (LV) induced by chest compressions during CPR for OHCA and measured by transthoracic echocardiography correlates with the levels of end-tidal carbon dioxide (EtCO 2 ) levels measured at the time of echocardiographic investigation. We hypothesize that the degree of LV compression during CPR significantly correlates with EtCO 2 with a correlation coefficient > 0.5.
Methods
We carried out a prospective observational clinical study of adult patients resuscitated for out-of-hospital cardiac arrest. It was approved by the ethics committee (Ethics Committee, Masaryk Hospital Usti and Labem, Czech Republic, reference code 236/57). The study was conducted in accordance with the Helsinki Declaration and good clinical practice. Since it was an observational clinical study without any impact on the management of the patients and all patients were unconsciousness because of cardiac arrest, informed consent was not required. The study has been registered and assigned by trial registration number NCT03852225.
Selection of participants
All patients included in the study were treated by the emergency medical services (EMS) of the Central Bohemian region due to the emergency calls for out-ofhospital cardiac arrest. This service is the exclusive provider of primary physician-based pre-hospital emergency care in the Central Bohemia Region, Czech Republic. The region includes both the rural and urban population, in total of 1,315,299 inhabitants on a total area of 11,015 km 2 . Participants were recruited from June 2018 to March 2019. Inclusion criteria were adult patients resuscitated by EMS for witnessed out-of-cardiac arrest of non-traumatic origin by physician EMS ambulance crew and availability of intra-arrest ultrasound investigation. Exclusion criteria were the presence of pericardial tamponade and the finding of collapsed right and/or left ventricle in the first intra-arrest ultrasound examination.
Protocol
At the time of arrival of EMS ambulance with the presence of a physician in the crew, advanced life support following the recent guidelines has been initiated if it has not been already performed by a non-physician EMS crew present on the scene earlier [3] . After performing an initial rhythm assessment, shock delivery (if indicated), securing the airway by endotracheal intubation, providing mechanical ventilation and continuous chest compressions, the patients were assessed for compliance with inclusion criteria. If they did, baseline intra-arrest ultrasound examination was performed during the nearest rhythm check by TRACE (thoracic and abdominal sonography in cardiac arrest) protocol by a portable ultrasound device Vscan dual probe (GE Healthcare, Chicago, Illinois, USA) [4] . In the case of exclusion of cardiac tamponade and right and/or left ventricular collapse, the patients were enrolled in the study. After the enrollment, transthoracic echocardiographic investigation was performed during ongoing chest compressions in all of them. First, an imaging of the left and the right ventricle was performed from a subcostal four-chamber view. To minimize measurement error between measurements due to an unequal echocardiographic view, a sector probe was placed to the subcostal area at an angle of less than 45°to the abdominal wall to display the aortic bulb in addition to the atria and ventricles. Then, the probe was tilted up until the aortic bulb disappeared from the image. At this position, the investigated structures were recorded during at least three consecutive compressions in 2D mode and each loop was stored for further analysis. At the time of echocardiographic investigation, EtCO 2 level was measured by a side stream technique (RespSense capnography monitor, Nonin Medical Inc., Plymouth, MN, USA). These examinations were repeated on each patient three times during advanced life support, at least 2 min apart. The examinations did not interfere with the course of advanced life support, and the results of echocardiographic imaging did not affect the ongoing resuscitation and were evaluated later. After termination of advanced life support, all data were recorded for each patient using the recent Utstein style guidelines [5] .
Echocardiographic calculations
Maximal and minimal diameters of LV and RV were obtained from the recorded loops of 2D image ( Fig. 1 ). For subsequent calculations, the cycle of compression and decompression was selected from an echocardiographic record, which allowed the most accurate measurement of the monitored parameters. In each measurement, the value of internal dimension of LV and RV was obtained perpendicular to the LV long axis and measured at or immediately below the level of the mitral valve leaflet tips [6] . A new parameter called a compression index (%) of LV (LVCI) and RV (RVCI) was calculated from each measurement as (maximal − minimal/maximal cavital diameter) × 100. Maximal compression index (CImax) was also calculated, defined as the value of LVCI or RVCI, whichever was greater at the time of measurement. Measurements of maximal and minimal diameter of both ventricles were performed by a single observer in a blinded manner. Ten randomly selected blinded loops were provided for measurement twice in order to calculate intra-observer variability. Echocardiographic records were also examined to determine if there was an evidence of complete mitral or tricuspid valve closure during compressions (Additional file 2).
Statistical analysis
A sample size of 20 subjects was calculated for pilot study to identify a correlation of at least r = 0.5 between the degree of LV compression induced by CPR and levels of EtCO 2 . Mean values ± SD or percentages were calculated as necessary. Differences between groups were compared using the χ 2 test, and statistical significance was calculated by the Fischer exact test for alternative variables. Statistical significance for continuous variables was determined by the paired Student t test. Spearman's correlation coefficient was calculated for all correlations. Receiver operating characteristic (ROC) curve and Youden's index were calculated for validity testing and identification of predictive thresholds. Relative intra-observer variability was expressed as absolute difference ± SD for maximal and minimal diameters of LV and RV. Data were analysed using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA) and JMP 3.2 statistical software (SAS Institute, Cary, NC, USA). A p value of < 0.05 was considered statistically significant. Measurements of the minimal diameters of the right and left ventricles at the same distance from the mitral annulus as the measurements at a Results A total of 32 patients resuscitated for OHCA of nontraumatic origin were assessed for eligibility. Two of them were excluded because of the presence of exclusion criteria (collapse of the right and/or left ventricle found in baseline echocardiographic evaluation). A total of 30 patients underwent the study protocol. In 12 of them, echocardiographic records were not evaluable. Therefore, data from 18 patients were used for further analysis. In 16 patients, three echocardiographic measurements were performed before termination of cardiopulmonary resuscitation, in two patients only two. A total of 52 measurements of all parameters were obtained. Table 1 summarizes procedural and demographic data following the Utstein style of reporting. Table 2 shows relative intra-observer variability for measured echocardiographic parameters.
Chest compressions induced significant compressions of both observed cardiac cavities (LVCI 20.6 ± 13.8%, RVCI 34.5 ± 21.6%, CImax 37.4 ± 20.2%). Table 3 demonstrates the values of compression indexes and EtCO 2 levels in the separate measurements. Figure 2 demonstrates significant and clinically relevant correlation of EtCO 2 with LVCI and RVCI. The strongest correlation was observed between EtCO 2 and CImax ( Fig. 3 ) (Additional file 1). On the other side, there was found a weak correlation between RVCI and LVCI ( Fig. 4 ). Figure 5 shows the ROC curves for prediction of different EtCO 2 levels by CImax. Table 4 describes cut-off levels of CImax for prediction of EtCO 2 levels above different thresholds including Youden's indexes. We identified that a CImax cut-off level of 17.35% predicted to reach an EtCO 2 level > 20 mmHg with 100% sensitivity and specificity.
The values of the baseline echocardiographic parameters failed to predict any of the outcome measures. However, there was a significantly higher value of LVCI, RVCI and CImax in the third measurement in the patients with return of spontaneous circulation (ROSC) (LVCI 33.7 ± 8.1 vs. 12.3 ± 7.5%, < 0.001; RVCI 50.0 ± 10.5 vs. 23.4 ± 23.4%, 0.021; CImax 50.0 ± 10.5 vs. 25.6 ± 22.3%, 0.026) and 30-day/discharge survival (LVCI 35.6 ± 9.6 vs. 15.2 ± 9.7%, 0.002; RVCI 53.8 ± 10.5 vs. 26.6 ± 22.5%, 0.037; CImax 53.8 ± 10.5 vs. 28.4 ± 21.4%, 0.041) than in those who did not reached these outcomes.
In 24 measurements out of 52, we could identify the opening and complete closure of the mitral and/or tricuspid valve in synchronization with cardiac compressions. In 28 measurements, movement of valve leaflets was present, but due to insufficient image quality, it has not been possible to reliably claim that complete valve closure was present.
Discussion
The main finding of the presented study is that a degree of compression of the left ventricle and the right ventricle evaluated by intra-arrest transthoracic echocardiography during ongoing chest compressions strongly correlated with the level of EtCO 2 induced by CPR.
Performing advanced life support for out-of-hospital cardiac arrest should be carried out according to the detailed standardized protocol for advanced life support [3] . It is recommended that chest should be compressed to a depth of at least 5 cm but not more than 6 cm, chest compressions should be performed at a rate of 100-120/ min and the hands should be placed on the lower half of the sternum [3] . However, there is a growing evidence that an anatomical relationship between the chest wall, sternal bone and the position of the heart in the chest is not uniform but may exert interindividual variability. It may be due to differences in normal chest configuration but also can be modified by morphological changes of intrathoracic organs because of heart, aortic or lung disease [7] . Functional pathophysiological changes of the chest, the heart and the lungs (e.g. lung compliance, cardiac diastolic dysfunction) can potentially affect the hemodynamic effect of standardized cardiopulmonary resuscitation as well [8] .
Therefore, the transition from a conventional standardized CPR approach to personalized hemodynamicdirected CPR may be potentially useful to increase hemodynamic efficacy of CPR, ROSC rate and survival [1, 2] . The concept of hemodynamic-directed CPR requires several conditions: to have a parameter that reflects the hemodynamic efficiency of CPR; to have a knowledge of the target value of the parameter, which is associated with optimal hemodynamic efficiency of CPR; to have a protocol of modifying CPR that can achieve a goal and the parameter must be easily measurable in real time during CPR.
The concept of hemodynamic-directed CPR has been evaluated in several experimental studies. In swine models of induced cardiac arrest, targeting the CPR quality by manipulation with depth of chest compression and dose of vasopressors to predefined hemodynamic goal (systolic blood pressure, diastolic blood pressure, coronary perfusion pressure) resulted in increased brain tissue oxygenation, improved short-or long-term survival and better neurological outcome when compared with the standardized CPR approach following the recent guidelines [9] [10] [11] [12] [13] [14] . There are also clinical data indicating that the concept of personalized CPR may be effective in clinical medicine. Berg et al. analysed prospective data from children resuscitated for in-hospital cardiac arrest. They found that diastolic blood pressure of ≥ 25 mmHg during CPR in infants and of ≥ 30 mmHg in children more than 1 year old was associated with higher chance of survival and favourable neurological outcome. Sainio et al. analysed data from 39 adult patients resuscitated for cardiac arrest with invasive blood pressure measurement and recording of CPR quality. They found that although the depth of compressions positively correlated with higher systolic and diastolic blood pressure, there was a significant heterogeneity in the relationship of depth of compressions and blood pressure. This finding strongly supports the idea of personalized hemodynamic-directed CPR [15] .
However, the possibility of using invasive pressure monitoring during routine CPR for OHCA in the field is very limited. In the clinical setting of pre-hospital emergency medicine, measurement of EtCO 2 may be beneficial. EtCO 2 levels during CPR reflect pulmonary blood flow and cardiac output and may be used as potential non-invasive measure for personalized directing of CPR [16] . It has been shown that EtCO 2 levels < 10 mmHg during CPR and especially after 20 min of CPR are associated with poor outcome while levels > 20 mmHg are likely to predict improved outcome, particularly ROSC [17] [18] [19] . It has been also demonstrated that EtCO 2 levels measured during ongoing CPR reflect hemodynamic efficacy of CPR. Strong correlation of EtCO 2 with cardiac output (r = 0.79, p < 0.001), coronary perfusion pressure (r = 0.78, p < 0.01) and cerebral blood flow (r = 0.64, p = 0.01) induced by CPR was observed [20] [21] [22] [23] . In the observational clinical studies, Sandroni et al. and Murphy et al. analysed hundreds of patients resuscitated for cardiac arrest with synchronized EtCO 2 measurement and continuous quality control of chest compressions. They found that an incremental increase of chest compression depth or chest compression rate was associated with a significant increase of EtCO 2 levels [24, 25] . Therefore, although a clinical study evaluating the direct association of EtCO 2 and cardiac output induced by CPR has not been published yet, experimental and clinical data support the idea that EtCO 2 measurement may represent a valuable measure for hemodynamic-directed CPR.
In our pilot study, EtCO 2 strongly positively correlated with the degree of compression of the right and the left ventricle. An important finding is that the correlation between LVCI and RVCI was weak and the strongest correlation was demonstrated between CImax and EtCO 2 . This suggests that in the setting of cardiac arrest and ongoing chest compressions, the heart works as a passive conduit divided by valves and it does not matter too much which ventricle we compress more, but the intensity of the compression of the heart is important. However, our clinical study does not provide a pathophysiological explanation for unequal compression of both ventricles and its large interindividual variability.
There are currently two main theories that explain the mechanism of induced blood flow during cardiopulmonary resuscitation, "cardiac pump theory" and "thoracic pump theory". The question is whether measurement of LVCI, RVCI and CImax is applicable to both mechanisms or only to the "cardiac pump" mechanism. The first theory assumes that chest compressions directly compress the ventricles and, in conjunction with the mitral and tricuspid valve closure, generate forward blood flow. The second considers the rhythmic increase and decrease in intrathoracic pressure associated with each chest compression accompanied by induction of venous return and moving the blood from the heart to vessels. Mitral and tricuspid valves remain opened and retrograde blood flow is prevented by venous valves. This theory assumes collapse of the airways at each compression that allows an increase in intrathoracic pressure [26] . At present, it is not known which of the two is the main mechanism. Probably both may be involved, and the major factors that determine which mechanism will be dominant in the individual patient may be chest configuration, compliance of the chest wall, age, type of cardiac compression device (if used), force of the compressions and velocity of the compressions [26, 27] . These circumstances, especially the chest configuration, may be the reason for different mechanisms of generating blood flow by chest compressions in humans and experimental animals [28, 29] . In our study, we did not collect data to determine which mechanism of blood flow induction was involved in our patients. We were not able to reliably assess whether complete mitral and/ or tricuspid valve closure was present during chest compressions in our patients due to insufficient recording quality at the level of the mitral and tricuspid annulus, we were unable to measure transmitral flow and we did not measure any direct parameter of cardiac output or blood flow induced by chest compressions. It might also seem that the determination of LVCI, RVCI and CImax is consistent only with the cardiac pump theory. Porter et al. examined 17 patients resuscitated for cardiac arrest by transoesophageal echocardiography. They observed complete mitral valve closure during compression (group I, cardiac pump mechanism) in 12, but not in 5 patients (group II, thoracic pump mechanism). Transmitral flow was present in all of them, in group I patients during the decompression phase and in group II patients during the compression phase. However, in all patients in both groups, measurable changes in the left and right ventricular size were present [29] . This means that rhythmic changes in ventricular size occur with both mechanisms of induced blood flow. Therefore, pragmatic echocardiographic monitoring of the degree of ventricular compression induced by CPR regardless of mitral valve function and blood flow mechanism may be useful to assess the hemodynamic efficiency of cardiac compressions. Based on the above, our observation is a proof of the different effect of a standardized CPR on the heart and supports the concept of personalized CPR. Validity of CImax to predict EtCO 2 exhibited excellent discriminatory value in our study, and cut-off value of CImax of 17.35% predicted EtCO 2 with perfect sensitivity and specificity. Therefore, CImax is another candidate parameter for guidance of hemodynamic-directed CPR and for its non-invasivity, especially for the use in the field. However, there are several aspects that must be considered as potential limitations of its use. First, the question is whether compression indexes may be used for CPR guidance of cardiac arrest of all causes. In particular, the presence of right and/or left ventricular collapse (usually due to severe hypovolaemia) is associated with potential bias because of pre-existing marked alteration of preload and we assume that the values of compression indexes may be overestimated. A similar but opposite problem may occur with pulmonary embolism. Therefore, although these findings are crucial in the CPR setting, they were excluded from this pilot study. Second, the quality of transthoracic echocardiographic examination during ongoing cardiac compressions is not always sufficient for reliable measurement of dimensions of cardiac cavities. This was also the case in our study in 12 patients. This can be solved by using transoesophageal echocardiography in hospital. In the field, carefully finding the right subcostal probe position using aortic bulb disappearance as an anatomic landmark can increase validity and reproducibility of measurement. Third, a potential limitation of the compression index calculation during CPR is the need to measure the dimensions of the heart cavities and further calculation of the index immediately. For this purpose, it would be optimal to implement software for real-time automatic measurement and calculation into the ultrasound devices, and this is one of the topics we are working on.
Study limitations
There are several limitations in our study. First, the presented group of patients is relatively small. However, it was a pilot study and measurements were repeated in individual patients. Second, another potential and more advanced way of data analysis would be to build a full hierarchical linear model with patients and measurements as categorical predictors and studied variable as a continuous covariate and their interactions. That design would allow us to study influence of all variables, automatically would consider correlations between variables and take into account that two or three measurements were always from one patient. However, the number of measurements was too small for this type of analysis, so we chose the method described above. Third, only physiological measure of estimation of cardiac output induced by CPR was EtCO 2 measured by a traditional side stream technique. We did not measure any direct parameter of cardiac output or blood flow induced by chest compressions. This is a limitation, as discussed in more detail above. Fourth, in 12 patients out of 30 included, we did not receive evaluable echocardiographic records. This limitation of transthoracic examination was discussed above. Fifth, we do not exactly know whether compression indexes correlate with EtCO 2 only when the "cardiac pump" mechanism is generating blood flow in an individual patient or the same applies also to the "thoracic pump".
Conclusions
In conclusion, quantification of the degree of compression of heart cavities induced by chest compressions during CPR for OHCA and measured by transthoracic echocardiography from subcostal approach is feasible. Compression indexes strongly correlate with the levels of EtCO 2 measured at the time of echocardiographic investigation in our study. We consider it, especially CImax, to be promising non-invasive measures for ultrasonographic guidance of hemodynamic-directed CPR of the patients resuscitated for cardiac arrest. At the next steps, it is necessary to determine whether this parameter is applicable to all resuscitated patients or only to certain subgroups, what the target values are and what the optimal correction of chest compressions to reach the target is. This is also the goal of our further research. 
